Purpose: To measure temperature over a large brain volume with fine spatiotemporal resolution. Methods: A three-dimensional stack-of-stars echo-planar imaging sequence combining echo-planar imaging and radial sampling with golden angle spacing was implemented at 3T for proton resonance frequency-shift temperature imaging. The sequence acquires a 188x188x43 image matrix with 1.5x1.5x2.75 mm 3 spatial resolution. Temperature maps were reconstructed using sensitivity encoding (SENSE) image reconstruction followed by the image domain hybrid method, and using the k-space hybrid method. In vivo temperature maps were acquired without heating to measure temperature precision in the brain, and in a phantom during high-intensity focused ultrasound sonication. Results: In vivo temperature standard deviation was less than 1 C at dynamic scan times down to 0.75 s. For a given frame rate, scanning at a minimum repetition time (TR) with minimum acceleration yielded the lowest standard deviation. With frame rates around 3 s, the scan was tolerant to a small number of receive coils, and temperature standard deviation was 48% higher than a standard two-dimensional Fourier transform temperature mapping scan, but provided whole-brain coverage. Phantom temperature maps with no visible aliasing were produced for dynamic scan times as short as 0.38 s. k-Space hybrid reconstructions were more tolerant to acceleration. Conclusion: Three-dimensional stack-of-stars echo-planar imaging temperature mapping provides volumetric brain coverage and fine spatiotemporal resolution. Magn Reson Med
INTRODUCTION
Temperature monitoring with magnetic resonance imaging (MRI) has enabled many emerging minimally invasive thermal therapies, including MR-guided focused ultrasound (MRgFUS) and radiofrequency, microwave, and laser interstitial thermal therapies. Of these, MRgFUS is a completely noninvasive method that uses an external transducer to focus high-power ultrasound into tissue for ablation (1) . MRgFUS has been used successfully in humans to treat uterine fibroids (2) , bone metastasisrelated pain (3), cancer (4) (5) (6) , and deep brain tissue (7) (8) (9) (10) (11) . Additionally, transcranial MRgFUS (12) has been used without ablation to disrupt the blood-brain barrier for improved drug delivery (13) and induce neuromodulation (14) .
MRI-derived temperature maps based on the proton resonance frequency shift with temperature are predominantly used to guide MRgFUS treatment (15) . Temperature maps are typically acquired using phase-sensitive twodimensional Fourier transform (2DFT) gradient-recalled echo pulse sequences with a long echo time (TE). To maintain adequate signal-to-noise ratio for temperature monitoring, most clinical MR thermometry implementations for transcranial MRgFUS image a single 2DFT slice (16) . While acoustic energy from MRgFUS is nominally focused to a single point in one slice, there is an ever-present risk that unintended heating may occur in the near-and farfields of the transducer. Therefore, repeated sonications with different scanning planes are required to capture both the focal spot and the background with sufficient speed, precision, and volumetric coverage, leading to long treatment times and reduced patient safety.
Previous efforts in volumetric thermometry have used pulse sequences that acquire k-space data more efficiently and/or temperature reconstruction methods that exploit undersampled k-space data, so that a full volume of data can be viewed at a high frame rate. Multislice echo-planar imaging (EPI) (17) , segmented three-dimensional (3D) EPI (18) , and multislice excitation (19) sequences have been proposed. Multiecho Cartesian (20, 21) and spiral (22, 23) sequences have been shown to optimize signal-to-noise ratio in the presence of off-resonance effects. Iterative temperature reconstruction approaches have also enabled acceleration via temporal regularization (24) (25) (26) (27) or fitting constrained treatment models (28) ; generally, these approaches can be applied to any k-space trajectory. Of note, high acceleration parallel imaging-based techniques (which require multiple receive coils in close proximity to the body) are currently incompatible with transcranial MRgFUS since the coils must sit outside the transducer, far away from the head.
In this work, we describe and validate a hybrid radialCartesian pulse sequence that acquires a 3D stack-of-stars k-space trajectory with EPI planes (3D SoS EPI) for volumetric thermometry. EPI is performed in the slice dimension to provide rapid slice sampling of a volume k-space. Successive EPI planes are spaced by the golden angle (29) , so that radial spokes are approximately evenly distributed regardless of the width of the reconstruction window. This enables the length and positions of reconstruction windows to be set retrospectively. The center of k-space (which contains most of the dynamic image contrast) is acquired each repetition time (TR), ensuring that peak heat will not be missed. Also, unlike other non-Cartesian trajectories, off-resonance phase is mostly accrued in the EPI phase-encode dimension where it is straightforward to correct (30) . This sequence has been demonstrated in neuroimaging applications other than thermometry (31) (32) (33) (34) (35) .
Here, we reconstruct volumetric temperature maps from 3D SoS EPI using both non-Cartesian sensitivity encoding (SENSE) image reconstruction (36) followed by hybrid multibaseline subtraction and referenceless temperature map estimation (37) , and the k-space hybrid method (28) . Each slice is reconstructed in parallel. In vivo experiments without heating and phantom experiments with heating were performed at 3T to characterize temperature precision across acceleration factors, repetition times and number of receive coils, and to compare the sequence with a 2DFT temperature mapping sequence (38) . We further show that heating-induced chemical shift (CS) pixel shifts that arise in the hot spot can be corrected retrospectively (30) . Aspects of this work have been presented previously in Ref. 39 . Figure 1a shows the k-space sampling pattern of the 3D SoS EPI pulse sequence, which was implemented on a 3 T scanner (Philips Achieva, Philips Healthcare, Best, The Netherlands). Following slab excitation along the phase-encode axis, each TR acquires a 2D gradient-recalled echo-EPI plane using in-plane frequency-encoding (k x -k y ) along a radial line and through-plane Cartesian phase-encoding (k z ). The plane is rotated between consecutive TRs by 111. 25 about the phase-encoded (k z ) axis to acquire a 3D stack-of-stars k-space trajectory with golden angle spacing (29) . Gradient spoiling is applied at the end of each TR (40) . The sequence was implemented with parameters: 28.0 Â 28.0 cm 2 in-plane (axial) FOV; 188 Â 188 in-plane matrix size; 1.50 Â 1.50 mm 2 in-plane voxel size; 43 slices; slice thickness 2.75 mm; TE 17 ms; phase-encode direction F/H; phaseencoding pixel bandwidth 31.9 Hz/px; frequency-encoding bandwidth 1904.9 Hz/px; spectrally-selective fat suppression. The encoded 43 slice imaging volume in the slab direction was 9 mm wider than the excited slab to prevent wrap-around artifacts. The minimum TR for the sequence was 47 ms. Second-order shimming was performed prior to acquisition. Prior to dynamic scanning, nonphase-encoded echoes are acquired for each rotated EPI plane to estimate line-to-line delays and phase shifts for ghost correction.
METHODS

Pulse Sequence
Temperature Reconstruction
Temperature maps were reconstructed offline in MAT-LAB R2015a (MathWorks, Natick, MA) using Vanderbilt University's parallel computing cluster (Advanced Computing Center for Research and Education, Vanderbilt University, Nashville, TN). Figure 1b shows the 3D SoS EPI temperature reconstruction pipeline. First, EPI ghost correction was performed on each EPI plane in the dynamic acquisition (41) . Next, each volume k-space was inverse Fourier transformed along the slice (z) dimension, creating a hybrid k-space/image domain (k xk y -z) volume. One volume k-space in the reconstruction (i.e., one dynamic) spanned a contiguous set of radial lines; the acceleration factor/dynamic scan time was adjusted post-acquisition (e.g., fewer contiguous radial lines per dynamic for more acceleration/shorter dynamic scan time). Each slice's k-space data in the hybrid volume was then reconstructed in parallel using one Intel Xeon Westmere processing core (Intel Corporation, Santa Clara, CA) and 1 GB of RAM per slice.
Temperature maps were reconstructed using one of two temperature reconstruction methods:
1. The hybrid multibaseline subtraction and referenceless method (37) after image reconstruction using conjugate gradient (CG)-SENSE (36), or 2. The k-space hybrid method (28) .
CG-SENSE image reconstructions used 30 iterations and nonuniform fast Fourier transforms (42) . Both temperature reconstruction approaches fit the same hybrid multibaseline and referenceless image model, but in k-space hybrid, the Fourier transform of the model is directly fit to the k-space data, skipping the image reconstruction step. The hybrid multibaseline and referenceless image model is given by:
where y j is the complex-valued MR signal at voxel j, fb l g
are complex baseline library images reconstructed from fully-sampled k-space data acquired prior to treatment, w l are baseline image weights, A is a matrix of smooth (e.g., low-order polynomial) basis functions, c is a polynomial coefficient vector, and h is a heating-induced phase shift, which is negative for a temperature increase (15) . The role of the baseline library images fb l g
is to capture physiological and anatomical amplitude and phase variations across respiratory and cardiac cycles. The polynomial phase shift Ac models phase changes induced by smooth magnetic field shifts, such as center frequency drift and those caused by respiration. The phase shift h that results from targeted heating is modeled as a focal shift separate from these other phase components. In both the CG-SENSE plus image domain hybrid and k-space hybrid algorithms, the model in Eq. [1] is fit to the acquired data in a leastsquares sense using an alternating minimization algorithm, in which the variables w, c, and h are alternately updated while holding the others fixed. Sparsity of h is exploited by the algorithms to separate it from the nonsparse polynomial phase shift, and reflects the fact that in a targeted thermal therapy like MRgFUS, temperature rises will occur in a minority of image voxels. Once fit, the phase shifts in h are converted to temperature changes in degrees Celsius according to:
where c is the gyromagnetic ratio in radians per second per T, a ¼ À0:01 ppm/8C is the proton resonance frequency change coefficient, B 0 is the main field strength in T, and TE is the echo time in seconds (15) . Further details are provided in Refs. 37 and 28. Experimental data sets described below and MATLAB code to process data sets can be downloaded from https://bitbucket.org/ wgrissom/epi_stackofstars_thermometry.
In Vivo Experiments
To evaluate temperature precision in vivo, five healthy volunteers (3F/2M) were scanned without heating with the approval of the Institutional Review Board at Vanderbilt University. An 8-channel head coil array was used for reception. First, a 3D SoS EPI scan was collected in each subject to measure temperature standard deviation (using the approach described below) across acceleration factors/ dynamic scan times: no acceleration (300 radial lines; ), producing radial spokes in a 3D stack-of-stars k-space trajectory. b: One volume k-space or one dynamic in the reconstruction spans any contiguous set of radial lines in the acquisition. The length and position of the reconstruction window can be set retrospectively. In this illustration, data from four consecutive TRs forms a k-space volume, which is inverse Fourier transformed in the slice dimension (z) to produce a hybrid k-space/image domain volume (k x -k y -z). Slices are then processed in parallel to reconstruct temperature maps using CG-SENSE with hybrid multibaseline subtraction and referenceless thermometry, or with k-space hybrid thermometry.
head for high signal-to-noise ratio and sensitivity encoding will likely remain limited in the near future. For this reason, we also investigated the dependence of temperature precision on the number of coils by compressing the multicoil data from 8 to 6, 4, 2, and 1 coil(s) by truncating the singular values of the data matrix before temperature reconstruction (43) . Coil-compressed images and temperature maps were reconstructed from the 47 ms TR data set with 4.7Â acceleration/3.0 s dynamic scan time. We note that the signal-to-noise ratio in these compressed reconstructions will still be higher than that of a body coil scan, so the results will primarily characterize how temperature precision depends on the spatial encoding provided by a multicoil array. Also note that in the one-coil case, the SENSE reconstruction becomes a single-coil iterative reconstruction, with no sensitivity encoding. In addition to the single-shot 3D SoS EPI scans above, images were acquired in one subject using two and three interleaved EPI shots to qualitatively evaluate reduction of off-resonance distortions with additional shots. This increased the phase-encoding pixel bandwidth from 31.9 Hz/px (single-shot) to 61.9 Hz/px (two shots) and 99.0 Hz/px (three shots). No other scan parameters were changed.
To compare the temperature precision of 3D SoS EPI against a standard 2DFT temperature mapping sequence and illustrate differences in volume coverage, 2DFT scans were also acquired in each subject with representative parameters (38) ; phaseencode direction A/P; frequency-encoding pixel bandwidth 60 Hz/px; spectrally-selective fat suppression; dynamic scan time 3.3 s. The scans were repeated in three slice orientations (axial, sagittal, and coronal). Temperature standard deviation was calculated using the same hybrid multibaseline and referenceless processing applied to the CG-SENSE plus image domain hybrid 3D SoS EPI reconstructions. Subjects were scanned for 2 min/40 dynamics. The first four images were used in the 2DFT baseline library, so that approximately the same total time was spent on baseline acquisition for 2DFT and 3D SoS EPI. The resulting 2DFT maps were compared to those reconstructed from a TR ¼ 47 ms 3D SoS EPI acquisition with 4.3Â acceleration/69 lines per dynamic, so that the dynamic scans were matched (3.3 s per dynamic).
For the above experiments, in vivo temperature errors and subsequently temperature standard deviation were calculated using the hybrid model validation procedure described in (28) . Briefly, the hybrid image model in Eq. [1] was twice fit to each frame of data. The first 300 radial lines of each 3D SoS EPI acquisition were used to reconstruct a baseline image for this model using CG-SENSE. All reconstructions used a single baseline, so w was fixed to 1, and a first-order polynomial basis (drift and two linear terms) (37) . In the first fit, only the polynomial coefficients c were updated, while the temperature phase shifts h were held fixed at zero. In the second fit, the estimate of c from the first fit was held fixed, and only h was updated, with no sparsity penalty or other regularization. Using this approach, all residual temperature errors after fitting the baseline and referenceless components of the model are captured in h. The temperature error maps were then used to calculate through-time temperature standard deviation maps (23) , and to calculate temperature standard deviation across all brain voxels, time points, and subjects. Temperature standard deviation was computed in brain tissue only, as determined using an automatic segmentation algorithm (44) . The through-time standard deviation maps were upsampled onto a 1.50 mm 3 isotropic grid for display.
Phantom Heating Experiments
A cylindrical tissue-mimicking gel phantom was sonicated using a Philips Sonalleve MR-HIFU system (Philips Healthcare, Vantaa, Finland) operated at 1.1 MHz and 110 W for 30 s. A single point 14.0 cm from the transducer was targeted with A/P FUS beam propagation. A 3D SoS EPI scan was acquired during the sonication with a TR of 47 ms, no fat suppression and A/P phase-encoding, but otherwise the same parameters as the in vivo scans. A five-element HIFU abdominal coil array was used for reception. The phantom was allowed to cool for 10 min between consecutive sonications. Temperature maps were compared across acceleration factors. Temperature maps from 3D SoS EPI were further compared to 2DFT temperature maps. The same imaging parameters from the in vivo scan were used for 2DFT, except without fat suppression and with R/L phaseencoding. For all acceleration factors, temperature maps were reconstructed using a single baseline, 6 TR/282 ms window spacing, and a zeroth-order polynomial basis. ' 1 sparsity and roughness regularization parameters were tuned for these reconstructions to be l ¼ 2 Â 10 À5 and b ¼ 2 À14 , respectively, (28). The hybrid model parameters w, c, and h were all initialized to zeros in the first dynamic, and were thereafter initialized to the previous dynamic's values. At peak heat, CG-SENSE plus image domain hybrid 3D SoS EPI temperature maps were reconstructed with and without CS compensation applied in the EPI phase encode dimension (30) . Figure 2a shows 3D SoS EPI through-time temperature standard deviation maps versus acceleration factor in one subject. Temperature uncertainty increased with acceleration factor for both reconstruction methods, but increased more rapidly for CG-SENSE plus image domain hybrid. Figure 2b plots temperature standard deviation calculated over all brain voxels, time, and all 5 subjects. The k-space hybrid reconstructions achieved uncertainty less than 1 C up to an acceleration factor of 18.8Â, corresponding to a dynamic scan time of 0.75 s. The CG-SENSE plus image domain hybrid reconstructions achieved uncertainty less than 1 C up to 2Â acceleration, and 1.13 C uncertainty at 4.7Â, corresponding to a dynamic scan time of 3.0 s. Figure 3a shows through-time temperature standard deviation maps versus TR in one subject, reconstructed with a fixed 3 s dynamic scan time. Figure 3b plots temperature standard deviation calculated over all brain voxels, time, and subjects. Temperature uncertainty increases with increasing TR for both CG-SENSE plus image domain hybrid and k-space hybrid reconstructions. These results indicate that it is better to acquire more data with a minimum TR than to use a longer TR to obtain higher signal amplitude in each readout. Again, k-space hybrid reconstructions have consistently lower uncertainty than CG-SENSE plus image domain hybrid. Figure 4a shows through-time temperature standard deviation maps versus number of receive coils for one subject, and Figure 4b plots temperature standard deviation calculated over space, time, and all five subjects. Figure 4a shows that through-time temperature standard deviations generally increased as the number of coils decreased, though due to significantly increased blurring in the CG-SENSE reconstructions for two coils and one coil (which is visible in the magnitude images of Fig. 4a) , the throughtime temperature standard deviation maps of CG-SENSE plus image-domain hybrid actually improved. However, temperature variability over space and subjects increased moreso in those cases, and Figure 4b shows that the overall temperature precision of both reconstructions consistently degraded as the number of coils decreased. In all cases though, k-space hybrid temperature precision was better than 1 C, and except for the one coil reconstruction, CG-SENSE plus image domain hybrid temperature precision was better than 1.25 C. Figure 5 compares 3D SoS EPI and 2DFT temperature standard deviation. Temperature uncertainty at the edge of the brain was higher in 2DFT, due to its higher sensitivity to physiological noise (e.g., brain pulsation during the cardiac cycle, respiration, subject motion). These uncertainties are averaged down in 3D SoS EPI since the center of k-space is sampled every TR. Average temperature standard deviation was calculated in ROIs that excluded blood vessel artifacts, zipper-like artifacts across the frequency-encoded dimension that may be due to external interference, and uncertainties around the edge of the brain in the 2DFT maps. Excluding these artifacts, computed across five subjects and three slice orientations, 3D SoS EPI had approximately 48% higher temperature uncertainty than 2DFT (0.27 C for 2DFT vs. 0.40 C for 3D SoS EPI). However, this tradeoff in temperature precision enables full brain coverage with 3D SoS EPI, as illustrated in Figure 6 . Figure 7 illustrates off-resonance distortions in 3D SoS EPI versus multishot factor. Geometric distortions (white arrows) are present in brain regions where field inhomogeneities are significant. Off-resonance causes signal to shift in the slice dimension. Distortions are reduced when multiple shots are used, which increases the pixel bandwidth from 31.9 Hz/px (single-shot) to 61.9 Hz/px (two shots) and 99.0 Hz/px (three shots). At 3.0 T, the proton resonance frequency changes by 1.27 Hz per C, so the expected pixel shifts also improve with more shots (25.1 C/px with single-shot EPI, 48.7 C/px with two shots, 78.0 C/px with three shots). An axial slice positioned for monitoring MRgFUS thalamotomy (red arrow) is also shown, which contains no visible distortions around the thalamus with any number of shots. temperature maps perpendicular to the ultrasound beam in 3D SoS EPI are very similar up to acceleration factors of 37.5Â (8 lines per dynamic or 0.38 s). The peak temperature changes in the hottest voxel for each reconstruction range from 33.7 C to 35.7 C, with somewhat greater variability at the higher accelerations where temperature standard deviation reaches 1 C (Fig. 2b) . CG-SENSE plus image domain hybrid temperature maps are also similar up to an acceleration factor of 4.7Â (64 lines per dynamic or 3.0 s), but due to undersampling of the higher spatial frequencies, the hot spot is blurred out and peak temperature is underestimated at higher factors, and overall peak heat temperature changes in the hottest voxel range from 17.3 C to 36.3 C. Figure 9 shows that the longer reconstruction window of the 300-line k-space hybrid reconstruction blurs out the temporal evolution of the hottest voxel's temperature, which in particular results in a higher initial temperature and a slightly lower peak temperature compared to a 64-line reconstruction.
RESULTS
In Vivo Experiments
Phantom Heating Experiments
3D SoS EPI and 2DFT temperature maps in a plane parallel to the ultrasound beam are compared in Figure  10a , and profiles through the middle of the hot spot in each dimension are plotted in Figure 10b . 3D SoS EPI maps are shown with and without CS compensation in the EPI phase encode dimension (the vertical dimension in Fig 10a) . The full width at half maximum of the hot spot was 11.5 mm parallel to the beam/3.7 mm perpendicular to the beam for 2DFT (peak temperature 33.3 C), 13.1 mm parallel/4.2 mm perpendicular for 3D SoS EPI (peak temperature 34.4 C), and 13.1 mm parallel/4.1 mm perpendicular for 3D SoS EPI after CS correction (peak temperature 34.58C). The differences in full width at half maximum between 3D SoS EPI and 2DFT are less than the encoded voxel size in each dimension, and are likely due to a slightly wider imaging point spread function for the 3D SoS EPI reconstructions. As expected, CS correction shifted the hot spot by approximately one voxel (2.75 mm) in the phase encode dimension, so that its peak better lined up with the 2DFT temperature profile, which was acquired with a higher pixel bandwidth (60 Hz/px or 47.2 C/pixel in 2DFT vs. 31.9 Hz/px or 25.1 C/ pixel in 3D SoS EPI). The Supporting Video S1 shows entire 2DFT and 3D SoS EPI time series temperature maps. The top row in the video shows maps from a single 3D SoS EPI slice matching a 2DFT slice taken parallel to the ultrasound beam. A maximal intensity projection volume rendering of the 3D SoS EPI acquisition volume is displayed with temperature overlaid in the bottom row, and is rotated over a range of viewing angles. With slice-parallel processing, each 3D SoS EPI volume took 3.4 6 0.8 s (averaged across dynamics) to reconstruct using CG-SENSE plus image domain hybrid; k-space hybrid took 80.7 6 14.2 s. Compute times were not recorded for the in vivo temperature error reconstructions since that version of the algorithm would not be used during treatment.
DISCUSSION
3D SoS EPI combines non-Cartesian radial sampling inplane and Cartesian EPI sampling through-plane. EPI in the slice dimension provides rapid slice sampling of a volume k-space. Successive EPI planes are spaced by the golden angle, producing radial spokes in a 3D stack-ofstars k-space. Golden angle spacing approximately evenly distributes radial spokes, regardless of the width of the reconstruction window (29) . This enables the length and position of the reconstruction window to be determined retrospectively. Furthermore, unlike 2DFT scans and conventional 3D EPI and spiral scans, 3D SoS EPI samples the center of k-space in every TR, so a sliding window reconstruction will not miss the peak of the heating curve [a clinically important parameter (16)]. In this work, in vivo experiments characterized the dependence of temperature precision on acceleration factor, TR, and number of receive coils. Phantom heating experiments were also performed using a clinical MRgFUS system. Both sets of experiments compared the sequence to a standard singleslice 2DFT temperature mapping sequence.
Two approaches to reconstructing 3D SoS EPI temperature maps were compared. The first was CG-SENSE image reconstruction followed by image domain hybrid temperature estimation, and the second was the k-space hybrid method. The first approach comprised separate image reconstruction and temperature estimation steps, which is the more familiar and widely-available workflow. It also required less compute time than k-space hybrid, so it could be more readily implemented on a scanner for real-time use. However, its temperature uncertainty was always higher than k-space hybrid's, and its maximum acceleration was more limited. This is because CG-SENSE reconstructed a completely new image at each dynamic, without leveraging prior data. In comparison, k-space hybrid directly fits a phase-shifted fully-sampled baseline image to the k-space data. This resulted in lower errors due to undersampling and consequently lower temperature uncertainty. In practice, this translates to higher acceleration factors and/or the requirement of fewer receive coils, with the tradeoff of longer computation times. Thus, in the near term, CG-SENSE plus image domain hybrid reconstruction is better suited for real-time use with moderate acceleration, while k-space hybrid is better suited for retrospective use with higher acceleration. Temporally-constrained reconstruction may represent a middle ground between these two strategies (27) .
In vivo experiments showed that k-space hybrid and CG-SENSE plus image domain hybrid temperature reconstructions achieved a temperature uncertainty better than or near 1.0 C up to a clinically representative dynamic scan time of 3 s (16), with k-space hybrid providing lower uncertainty at all factors and better than 1.0 C uncertainty down to a 0.75 s dynamic scan time. Temperature maps with no visible errors were also obtained with both methods down to a 3 s dynamic scan time in phantom MRgFUS heating experiments. We found that temperature uncertainty increased when TR was increased while maintaining a fixed 3 s dynamic scan time, suggesting that the benefit of higher signal with longer TRs is offset by the concomitant reduction in signal averaging and errors from increased k-space undersampling. The temperature precisions of the reconstructions were tolerant to a small number of receive coils, which is important since imaging in MRgFUS is presently receive coil-limited since the transducer must be closest to the body. Current clinical neuro MRgFUS systems either use a single-channel body coil for reception, or an eight-channel receive coil that sits outside the transducer and provides limited spatial encoding capability. As expected, the uncertainty of the reconstructions did increase as the number of coils decreased, though it remained near 0.58C for k-space hybrid reconstructions across all numbers of coils. MR thermometry for transcranial MRgFUS neurosurgery is currently based on a single-slice 2DFT sequence (16) . 3D SoS EPI (reconstructed at a matched dynamic scan time) achieved slightly worse temperature uncertainty (0.4 C across all subjects) than 2DFT (0.27 C), but this tradeoff enabled volumetric brain coverage and the uncertainty was still much better than 1.0 C. Furthermore, to our knowledge, no other temperature imaging sequence provides volumetric thermometry with equivalent spatiotemporal resolution. While scans were not performed with a clinical transcranial MRgFUS system in this work, the inplane FOV of the 3D SoS EPI scan is large enough to accommodate the water bath of the ExAblate Neuro system (InSightec Ltd., Haifa, Israel), and matched the FOV of the 2DFT scan which was set based on that system. The in vivo comparison to 2DFT also indicated that 3D SoS EPI may be less sensitive to brain and blood pulsations, though due to its lower through-slice bandwidth it may be more sensitive to off-resonance changes caused by motion such as nodding, which changes the off-resonance distribution around the sinuses. However, in practice MRgFUS treatments use a stereotactic frame to immobilize the head which minimizes such motion. Since our experiments were not performed with a clinical transcranial MRgFUS system, we cannot make absolute assertions about 3D SoS EPI temperature standard errors for actual systems. We expect that errors would be larger on actual systems, principally due to larger distances between receive coils and the head. However, one can reasonably expect that the relative performance of 3D SoS EPI to single-slice 2DFT (the standard clinical sequence) would be preserved when moving to a clinical system.
A weakness of the present implementation of 3D SoS EPI is its relatively low pixel bandwidth in the phase encode dimension, which in the present study was the head-foot dimension. This led to through-plane distortions in brain regions above the sinuses and ear canals, and a shift (approximately one pixel) of the peak of the hot spot in the phantom experiment. As demonstrated, these distortions and hot spot shifts are most easily addressed using multishot scans, which increase pixel bandwidth by a factor equal to the number of shots.
However, this comes at the cost of scan time. If multiple receive coils are available across the slice dimension, parallel imaging acceleration in that dimension would also increase pixel bandwidth by a factor equal to the acceleration factor. This would either necessitate a full 3D image/temperature reconstruction, or a k-spacedomain parallel imaging reconstruction such as GRAPPA to fill in missing data in the phase encode dimension prior to in-plane radial reconstruction (45) . We also demonstrated that a previously-described CS compensation method can correct hot spot displacement in the slice dimension. Real-time implementations of that algorithm are available (30) . Another possible source of 3D SoS EPI image and temperature map distortions is readout delays and line-to-line phase shifts that cause ghosting in the phase encode dimension. These were addressed in the current implementation by acquiring nonphase-encoded reference scans for each EPI plane and estimating correction terms from them that were applied to the phaseencoded data (41) . Though it was not observed in the current implementation, radial scans also often suffer from trajectory errors that cause projections to miss the center of k-space. These could be compensated using an automatic trajectory correction method that estimates the errors from the data itself, based on data consistency between projections (46, 47) . Finally, we note that Svedin et al have also explored 3D golden angle radial acquisitions for MR thermometry (48, 49) . Specifically, they developed a 3D golden angle acquisition for thermometry in the breast. Compared to the 3D SoS EPI scan described here, the authors traded off volumetric coverage for the ability to separate water and fat images and measure T Ã 2 , which may enable thermometry in fat. They used the phase at the center of k-space for respiration correction, and reconstructed images using a radial keyhole technique; the same reconstruction could be applied to 3D SoS EPI.
CONCLUSION
We proposed and validated a hybrid radial-EPI temperature mapping pulse sequence that can acquire temperature maps with volumetric brain coverage and 1.5 mm Â 1.5 mm (in-plane) Â 2.75 mm (through-plane) spatial resolution. High frame rates can be obtained using either the k-space hybrid temperature reconstruction method or a standard CG-SENSE plus image domain hybrid method.
